A turning point is not necessarily a complete revolution. Quantification practices were already quite developed among seventeenth-century French engineers. At the time of Vauban, Fortification engineers in particular had acquired a thorough empirical knowledge of subjects such as the earth pressure or the resistance of masonry to cannonball. Besides, engineers often used sophisticated geometrical methods in their designs. As far as technology is concerned, the "mathematisation" process of the Enlightenment period was not so radical a change as it may appear at first glance.
This impression of something entirely new occurring in the eighteenth-century is partly the result of our retrospective knowledge of what happened during the first decades of the following century. Quantification then became a common engineering practice, while disciplines such as strength of materials or applied hydrodynamics developed at a smart pace. The eighteenth-century relation between engineering and calculation was on the other hand far more complex. New quantified data and theoretical models found indeed their counterpart in the permanence of very traditional attitudes. Furthermore, their use raised questions, even among the most innovative members of the profession.
To be aware of the dangers of retrospective evaluation does not mean however that one has to minimize the importance of the eighteenth-century turning-point. It must rather be an incentive to take seriously into account its somewhat contradictory features. Some of its discrepancies were related to the everlasting conflict between tradition and change, but others were linked to the internal tensions of the French Enlightenment. In their trend towards quantification and calculation, engineers were part of a larger movement that concerned administrators as well as scientists. As historians such as Charles Coulston Gillispie or Jean-Claude Perrot have shown, the State played a major role in the initiatives taken by those different actors 1 . To a certain extent, the changes that occurred in engineering were the consequence of the French engineers civil servant status.
Although part of a general movement, engineers retained a marked specificity. This specificity can be approached by distinguishing between objectivity and efficiency.
Even if those two ideals, or rather those two social constructions 2 , are closely related, they differ in some ways. Rooted in the desire for truth, objectivity puts the emphasis on the research of natural regularities or laws, laws that are often supposed to apply to society, to enable its description and to provide directions for its regeneration.
Efficiency, on the other hand, deals primarily with the use of nature by society. Truth then becomes a secondary problem, the main preoccupation being to promote a mutual adaptation between the natural and the social orders.
In Eighteenth-century French culture, objectivity and efficiency were especially close one to another. The widespread notion of utility was precisely located at their intersection. "Utility encircles everything," wrote Diderot in his Pensées sur l'interprétation de la nature 3 . But in spite of the Encyclopedist's keen interest for technology, the utility he had in mind was not identical to the one engineers were pursuing. In their attempts to use science as a tool for administrative and manufacturing rationalization, Condorcet or Lavoisier differed also from the engineers' perspective. For the philosophers or the scientists, the true laws of nature were to reshape society, to guide the steps taken towards its regeneration. For the engineers, regeneration was to be achieved trough a more tortuous route. Once again, efficiency was a matter of mutual adaptation rather than a one way patterning.
Calculation has not the same scope depending on whether the aim is objectivity or efficiency. Data and mathematical tools are considered in a more instrumental way in the second case than in the first. It is well know that the first quality of an engineering formula is to work rather than to be scientifically accurate. Besides, the history of objectivity is not exactly the same as the history of efficiency, though their lines often intersect. This paper intends to be mainly a contribution to the latter.
FAITH IN NUMBERS: PROPORTION IN THE CLASSICAL AGE
To characterize the eighteenth-century turning point, it is necessary to evoke how calculation was considered by the engineers of the Classical Age. As I have said, those engineers already counted and measured; they used rather complex geometrical methods in their designs. Engineering data and design methods were already quite diverse at the time. In spite of the strong connections they maintained, the art of the Fortification engineer was different from the techniques of the ordinary builder. The various fields of engineering remained nevertheless united by a common reference to proportion. Personal experience and empirical measurements acquired a truly universal meaning through their translation into the vocabulary of proportion. The bridge builder knew for instance that the piers width had to be comprised between one sixth and one forth of the total span of the arch. Machine design used the same kind of recipes, recipes that bore some analogy to the Vitruvian principles of modularity at work in architectural theory and practice 4 . Such an analogy could still be observed in Bélidor's Architecture hydraulique, published for the first time in 1737-1739. In order to describe the locks, the famous engineer explained that "imitating the architects who divide the diameter of a column in a certain number of equal parts in order to express the dimensions of every single feature of the order", he had "divided the width of the locks in twelve modules to fix theirs 5 ."
To be fully understood, the engineer's reference to proportion and modularity must be placed back into the context of a widespread belief in a world created by God according to architectonic principles. This belief in an architectonic world was for instance expressed by Bossuet in his Introduction à la philosophie 6 . It explained the success achieved by the various inquiries concerning the proportions given to the Temple of Jerusalem that were conducted and published throughout the sixteenth and seventeenth century 7 . The most famous of them, Jesuit Villalpandus' commentary of Ezechiel, was read by numerous architects and engineers. Inspired by the divinity, the proportions of the Temple were supposed to convey an elaborate knowledge. In a way, the proportions used by architects and engineers in their everyday tasks were derivatives of those employed by God. Without referring to Villalpandus, members of both professions knew for certain that architectural and technological proportions were natural, just as the rules of musical harmony. Working most of the time for princes and lords, architects and engineers were often tempted to turn their architectonic vision of the natural world into a justification of the hierarchic social order that surrounded them. Such a temptation explained some decisive features of the French classical architecture, with its programmatic and ornamental gradations which were clearly intended to reflect the stratification of social dignities. At the end of the seventeenth century, "convenance" became the key word to denote the appropriate relation that was to observed between the architectural treatment and the rank of the owner of a building 8 . At the time, the "convenance" principle applied also to engineering. Through their proportions and a generally sober ornamentation, major engineering works had to express their programmatic as well as symbolic function.
A belief somewhat religious hardly plays its role if it does not allow for the complexity of ordinary life and the necessary adaptations it requires. While taking proportions for natural and immutable, engineers as well as architects did not hesitate a second to alter them in order to cope with practical problems. While calculation was synonymous with a virtuoso handling of modular dimensions on a theoretical ground, it was rather a matter of simple and sometimes radical modifications made to the rules in practice. Although he had a fervent faith in proportions, the architect and engineer François Blondel summarized well this attitude at the beginning of one of his treatises : "In a word, one cannot say that in the arts, mere knowledge of the principles is enough sufficient to bring them to perfection. One must apply them, and this application always reveals the resistance and the tenacity of matter. A thousand obstacles rise, obstacles that one can discover and overcome only with the help of practice and experience 9 ." Such an attitude meant that architectural and engineering theory was not necessarily accurate in the modern sense of the word. It provided the designer with a broad canvass that had to be adapted to practical situations, often at the price of major modifications. During the seventeenth-century, this rather permissive conception of the relation between theory and practice was not often challenged, though science had already begun to give the example of a more demanding one. Significantly enough, he defined work as the product of thrust multiplied by the speed and the length of time of the effort exerted. Having observed that the respective importance of these factors had a direct influence on the worker's fatigue, he applied his favorite mathematical method, the maximis and minimis calculation, to various types of efforts, from the transport of a load on a horizontal ground to the driving of a bridge pile 19 .
The well-known achievements of Coulomb must not give the impression that all the experiments conducted by the eighteenth-century engineers were as rigorously conducted as his. Neither must it convey the idea that experience necessarily lead up to new theories. Far from it, most experiments provided data that did not fit well into any theoretical frame. In this context, the advocates of tradition could easily ignore results that seemed of no real consequence. Experimentalists themselves had their doubts because of unsolved methodological questions such as the influence of shape or scale on experiments regarding the strength of materials or the stability of structures. If experiment was useful, it was rather more for the supplementary intuition it gave to the experimentalist than for its predictive power. His most immediate effect, was to challenge the traditional engineering knowledge expressed in terms of proportions.
When they did use the results of their experiments, engineers nevertheless often combined them with existing theories, since no other frame was at their disposal. Experiment was clearly one of the new features of the time, but its multiplication seemed to create disorder rather than a new order. Growing amounts of data were produced without fitting into any existing theoretical frame. This does not mean however that engineers inquiries had no coherence at all, rather that this coherence was not to be found on the level of their immediate results. Similarly, neither the distrust in existing theories nor the few attempts made to replace them by more satisfying theoretical constructions were the most significant aspect of the engineers trend towards calculation.
TOWARDS A NEW CONCEPTION OF EFFICIENCY
To appreciate the real scope of engineering experiment, one may start from the widespread eighteenth-century conviction that sciences and arts were founded on elements. The research of more fundamental elements than proportions, elements on which architectural practice could be based, was for instance one of the major theoretical trends of architectural thought. Standing in contrast with the brevity of the article on the natural elements, the Encyclopédie devoted full pages to the "éléments des sciences". "Generally speaking, elements are the primitive parts of a whole," wrote D'Alembert in the latter article. He then observed that the elements of sciences and arts were seldom absolutely primitive and natural. Although non natural, they played a decisive role in education 25 . Sciences and arts were cumulative, they could be taught and learnt because they were at bottom combinations of elements.
For engineers, to experiment in order to create new data was to contribute to the identification of the true elements of their art, even if those elements did not fit into a comprehensive theory. The attempts made by engineers such as Coulomb or Prony to create new methods of calculation were also part of that scheme, because the notion of element applied not only to empirical data but more generally to any regularity of architecture by builders. What fascinated the latter in the great medieval churches was precisely the complex circulation of thrusts achieved by that type of structure 28 .
This approach of nature was a source of inspiration for the rationalization of engineering practice. Beside the natural elements involved in engineering one had to identify elementary building or manufacturing operations. Such was the path taken by Perronet to build his bridges. More generally, eighteenth-century engineers began to decompose methodically their productions into elementary parts, to think in terms of rigorously defined components and operations. Given both the weakness of tradition and the difficulty of replacing it, such a method was the best way to achieve rationalization.
Regarded as essentially dynamic, this method was very similar to the one used in the descriptions of the arts and crafts in the Encyclopédie. The convergence is not surprising, since the Encyclopedists shared the same concern for technological rationalization. In an article on the knitting machine, Diderot laid bare the principles of a satisfactory description. It was based on "a kind a analysis which consists in 'Encyclopédie, Paris, 10/18, 1977, pp. 245-271 . About the analytic method used by the encyclopedists, see also A. Picon, "Gestes ouvriers, opérations et processus. La Vision du travail des encyclopédistes", in Recherches sur Diderot et sur l'Encyclopédie, vol. 13, 1992, pp. 131-147. arranging of its components so that generation becomes both easy and understandable 30 ".
In a culture which supposed that the origin of thought was to be found in the various sensations experienced by the subject, part of the seduction exerted by this analytical approach was linked to its strong sensationalist connotations. For scientists and philosophers, analysis was the method which explained chiefly the generation of knowledge starting from the primitive sensations. For the engineers, analysis related the physical experience of the world, the identification of its natural elements, to the most sophisticated combinations of their art. Analysis was at once the best method to identify the practical elements of engineering, and the most appropriate way to combine them in order to give birth to more complex entities such as scientific principles or design patterns.
At that point, one must observe that although quantification and mathematical calculation could be considered as the quintessence of analysis, the analytical method could very well remain purely qualitative. The eighteenth-century engineers trend towards calculation was broader than the "mathematisation" process, just as Condillac wanted analysis to be more general than mathematical reasoning.
The vision of nature embodied in their version of the analytical method led the engineers gradually to a new conception of efficiency. Whereas their predecessors of the Classical Age had seen the world as something essentially architectonic, they were now struck by the everlasting mobility and productivity of nature. In the Vitruvian tradition, efficiency was implicitly linked to an ideal arrangement of parts and means 30 E. Bonnot de Condillac, "Cours d'études pour le prince de Parme", "V. De l'Art de penser", in OEuvres philosophiques de Condillac, Paris, P.U. F., 1947-1951, vol. 1, p. 769. ruled by proportion; it became synonym of vital change and movement. If Vitruvian efficiency was to be achieved through the use of appropriate proportions, the new type of efficiency engineers began to look for dwelt on man's capture and use of natural dynamism, a dynamism that had to be regulated for sure, but certainly not arbitrarily stopped. Beside civil engineering, eighteenth-century urbanism and territorial planning were clearly inspired by this conception. Nothing was to keep water and air from circulating freely in cities. "It is well known that the healthiest water would corrupt without the movement which maintains its purity", wrote for example Parmentier in his Dissertation sur la nature des eaux de la Seine of 1787 31 . The suppression of urban ditches with their stagnant water was a consequence of that conviction. The destruction of houses built on bridges was another since those houses were supposed to prevent the renewal of atmosphere 32 . Understanding the natural dynamism, using it without depriving it from its vital influx was becoming a general concern as well as a practical issue for engineers. de Neuilli, de Mantes, d'Orléans, de Louis XVI, etc.; du projet du canal de Bourgogne (...) 
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calculation itself was rather primitive, two at least of Perronet's underlying assumptions were fundamental. The first one was the hypothesis of a perfect continuity between engineering and economics. The second assumption was that analytic methods applied to both. The investigation of technological elements and operations found a natural extension in the identification of elementary costs and profits.
Those two assumptions were also present in the discussion of more general problems such as the comparative advantages of roads and canals or the possible replacement of forced labor by a combined system of taxes and maintenance by appointed workers.
Who was to pay for a new infrastructure, the owners of the lands situated nearby or the people using the infrastructure and damaging it ? Was the state supposed to raise taxes directly or should the necessary maintenance costs be provided by tolls ? Was each new infrastructure to achieve financial equilibrium or was it more interesting to consider transfers permitting the construction of non-profitable though necessary longer considered as isolated monuments; they had to be connected in order to become parts of more general systems of transportation. Another important idea was that the engineer had to think in terms of process and regulation. His mission was not only to design and supervise realization; it extended from the first drawings to the maintenance after completion. The best illustration of this new perspective was the Trésaguet's contribution was thus an especially striking demonstration that engineering and political economy had strong practical links. Going even further, some engineers began to consider the use of a common scientific formalism for those two branches of knowledge and practice. The Ponts et Chaussées engineer AchilleNicolas Isnard tried to redefine economics from this perspective in his Traité des richesses published in 1781. According to Isnard, economics had to become the "science of man", a science seen as a kind of mechanics based on the rational decomposition and recomposition of individual interests 37 . There again, analysis appeared as a generic method applying to economics as it applied already to engineering.
Isnard theoretical ambition was far more developed for sure that what suited an engineer. Because of his book, he had some trouble with Perronet who was then at the head of the Ponts et Chaussées administration and did not like young engineers to particularize themselves. But Isnard shared nevertheless with numerous of his fellow engineers the conviction that the social dynamism could be someday described, understood and even controlled, just as the natural one was to be in the meantime.
Despite his objections against Isnard's Traité des richesses, Perronet had led the way with the strict control he had exercised on the workers employed on his bridges sites.
To reinforce his control, Perronet had even invented machines enabling him to pay workers employed at water draining and pile driving after the number of revolutions or strokes carried out, rather than after the time spent on the site 38 . Around the 1780's, Ponts et Chaussées engineers began to design harbors and arsenals as elaborate systems of circulation and storage for men and goods, systems that were prototypes for an entirely rationalized and controlled urban space 39 .
Just as these plans were impracticable, most of engineers' economic calculations had almost no impact. Two reasons at least accounted for this ineffectiveness. Beside the weight of tradition, one has to take into account the highly political character of decisions regarding territorial planning. Until the first half of the nineteenth century, it was certainly not economic calculation that dictated the construction of a fortress or even a road, but rather a mixture of common sense and political opportunism. Some Bruxelles, Liège, Mardaga, 1978. roads had simply to be build because of the evident need of trade, others were the result of complex negotiations between the various authorities involved. Why did the engineers calculate then, putting aside their interest in intellectual speculation? The criticisms of an elite such as the Physiocrats against the used of forced labor gave the first incentive to speculate on the utility of transportation means.
Awed by the opposition of people ranked among the leaders of emerging public opinion, State engineers had to justify themselves. A more general need for justification can be deduced from the frequent comparison between the engineer and the judge that appeared at the end of the eighteenth century. In his Memoire sur la construction des chemins published in 1782, the Ponts et Chaussées engineer François-Michel Lecreulx wrote for instance that "engineering bears a greater analogy to the legal profession than to the military 40 ". Three years later, the students of the Ecole des Ponts were asked to develop the following argument for a French essay:
"which is the more useful, a great soldier or a virtuous judge?" For the students as well as for the trained engineers, the judge was without any doubt superior to the soldier, because he had to put aside his own interest for the sake of the public, an attitude far more demanding than the sole physical courage. Having to decide which were the most useful designs, the engineer responsibility appeared very similar indeed to the judge's one.
Through the comparison between engineering and justice, a concern for impartiality expressed itself. Calculation could play a role in this perspective, since figures and formula transcended prejudices. Revealing was in this respect the piece of advice given by Lecreux to the young engineers in his Mémoire sur la construction des chemins: stick to the straight line as far as possible, so that your roads designs will not be attacked by land owners. Like geometry, calculation could give evidence of the engineer's impartiality.
Impartiality is not to be confused with objectivity -who would seriously believe in a scientifically administered justice ? The eighteenth-century French State engineers did not intend to speak in the name of nature; they wanted rather to be the impartial promoters of a more rational relationship between man and nature. There was of course an implicit violence in their claim for impartiality. Though often ineffective, calculation represented in their eyes one step in the direction of power and respect.
During the first decades of the nineteenth century, the interest developed by the engineers in natural dynamism as well as their analytical approach of it provided the background for the introduction of calculus in engineering. Calculus not only enabled a thorough description of movement and flux; in disciplines such as strength of materials or hydrodynamics, it brought almost to perfection the method of decomposition/recomposition 41 . The close relation that was maintained between engineering and economic calculation represented another legacy of the Enlightenment. But it was above all the connection between efficiency, impartiality and calculation that was to remain a strong ideological characteristic of the French technological elites.
